Theoretical studies of proposed structures for NaN 5 , KN 5 , Mg(N 5 ) 2 , Ca(N 5 ) 2 , and Zn(N 5 ) 2 metal complexed pentazole anions have been carried out with the RHF, MP2, MCSCF, and DFT theoretical methods. Additional DFT calculations were performed on MgN 5 Cl, CaN 5 Cl, and ZnN 5 Cl pentazoles. The structures considered are unidentate I, bidentate II, and metallocene-like III. For Mg, Na, K, and Ca pentazoles at every level of theory, II is the most energetically favoured, followed by I, then III. Complex I is preferred with Zn complexes due to favourable d orbital interactions. For double ring complexes only II (I for Zn) with perpendicular rings has all positive vibrational frequencies. For single ring complexes, both II (I for Zn) and III have all positive vibrations. Structure I (II for Zn) is a transition state structure for metal ion rotation around the ring (E a 5-10 kcal mol Ϫ1 ). N atom chemical shifts relative to NH 3 and nitromethane were calculated for each species using the lowest energy configuration and the B3LYP//6-311ϩϩG(2d,p) method on the B3LYP//6-31G(d) optimised geometry. Additional calculations were done for 1-arylpentazoles, 1-arylpentazene, aryl azides, and aryldiazonium ions. Calculated 15 N NMR shifts were within 20 ppm of experiment. Time dependent B3LYP/6-31G(d) and B3LYP/6-311ϩG(d) calculations were performed on all stable species. All 1 (π,π) transitions were calculated to be below 180 nm, while the 1 (n,π) transitions were below 210 nm. The lowest energy transitions are from the lone pairs to the empty metal s orbital. For Mg and Zn these transitions are at ∼220 nm. For Na, Ca and K the transitions are considerably lower in energy, ∼250 nm.
Introduction
Substituted 1-arylpentazoles have been synthesised and characterised for over forty years. 1 There have been no reports yet of the preparation of the parent pentazole HN 5 or its metal salts. We report here the results of theoretical calculations on pentazole anion and various metal cation-pentazole anion complexes in terms of their structures, vibrational frequencies, electronic transitions, and 15 N chemical shifts. Metallocene-like structures have been proposed 2 but no studies have appeared where vibrational frequencies have been calculated in order to characterise the structures as first or higher order transition states. Yet another structure (Scheme 1) could be expected based on the known aryl substituted pentazole structure.
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In the case of Na ϩ and K ϩ , there is only substitution to one ring. For the divalent Mg 2ϩ , Ca
2ϩ
, and Zn 2ϩ ions there is possible substitution by two rings or by one ring and another anion. For the purposes of this study, we have chosen the former for an analysis by different levels of theory and the latter only by Density Functional Theory (DFT). In exploring the KN 5 , Mg(N 5 ) 2 , Ca(N 5 ) 2 , and Zn(N 5 ) 2 . Results from both the standard split valence plus polarisation 6-31G(d) basis set and the larger 6-311ϩG(d) set containing diffuse functions were obtained. Additionally, the CASSCF method, which included the four highest and four lowest π molecular orbitals (MO), was employed for Mg(N 5 ) 2 and calculations using the two highest and two lowest π MOs were performed for NaN 5 . As NaN 5 contains one ring and Mg(N 5 ) 2 two, these can be considered to be nearly equivalent level calculations. Stability of the restricted wavefunctions 6 was verified for all the Na and Mg structures. Normal mode analysis was performed to ascertain the nature of structures identified as stationary points on the potential energy surfaces. Vibrational frequencies reported here were not empirically scaled. For the divalent cations, RB3LYP//6-31G(d) and 6-311ϩG(d) calculations were carried out for the cases where one of the rings was replaced by a Cl atom placed in a linear ring-M-Cl conformation. Figures with orbitals were generated with the Molekel Program.
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The N atom chemical shifts were calculated according to the Gauge-Independent Atomic Orbital (GIAO) method.
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RB3LYP//6-311ϩϩG(2d,p) level calculations were carried out on RB3LYP//6-31G(d) optimised structures. Two test cases for NaN 5 were performed to evaluate the effect of geometry change on the calculated chemical shifts by using the RB3LYP// 6-311ϩG(d) optimised structures and by using conformer III. Nitromethane was used as the reference molecule and extra calculations on 1-and 2-substituted methyltetrazoles were done as a test of the theoretical method compared to the experimental. 8 Using 
Results and discussions
In all cases, structures II or IIa were calculated to be the lowest in energy and have no negative vibrational frequency, except for Zn 2ϩ where I or Ia are lowest and have no negative frequency. The relative energies in kcal mol Ϫ1 are reported in Table 1 . The output files for all calculations in this study can be found at: http://camchem.rutgers.edu/∼burke.
In all cases, the b structures have one more negative frequency than the a structures. Vector analysis (Scheme 3)
shows each b structure to contain a rotational transition state (TS) around the cation. The negative frequency in the single ring structure I is an in-plane wag of the Na ϩ or K ϩ cation between two equivalent II structures. The two negative frequencies in the Mg 2ϩ and Ca 2ϩ Ia structures (IIa in Zn
2ϩ
) are due to the coupled symmetric and asymmetric combinations of the wag modes found in I. The three modes in Ib include the two for Ia plus the ring rotation mode also found in IIb. The four negative frequencies in IIIa correspond to two pairs of symmetry-coupled modes, the first pair for slippage of the cation between the rings and the other for movement of the rings toward structure IIa. The fifth negative frequency in IIIb is due to ring rotation from the eclipsed to staggered conformations. There are no negative frequencies for conformer III with Na ϩ or K ϩ .
In the (M-Cl)
ϩ cases (M = Mg, Ca), the single negative frequency for I also corresponds to a TS between equivalent II structures. With M = Zn, II is a TS between two equivalent I structures. Although the III structure for Na, K, and M-Cl is an equilibrium structure with all positive frequencies, it is higher in energy than II or I in all cases. The relative energies range from a few kcal mol Ϫ1 for K and Na, ca. 10 for Ca, ca. 20 for Mg, and to over 30 for Zn. A stationary state for the III conformation was not found for ZnClN 5 using the 6-31G(d) basis set.
Inspection of Table 1 shows little effect on relative energies by differences in theoretical method used but a rather general effect by change in basis set. The DFT results for either basis set lie between those found with the RHF and RMP2 methods. Table S1 (provided as supplementary material †) gives the optimised bond lengths in Å found with the various theoretical methods and basis sets. In all methods, the presence of the cation on the side of the ring induces alternating bond lengths, thus less aromatic character. Fig. 1 contains plots of the MOs in the anion and NaN 5 calculated with the B3LYP//6-311ϩ(d) method. The eight highest occupied molecular orbitals of the anion consist of five lone pair orbitals, two pairs of which are degenerate, and three π orbitals of which one pair is degenerate. The D 5h symmetry of the anion is reduced to C 2v in presence of the cation in either the I or II conformation. The three lowest unoccupied molecular orbitals in the anion consist of the highest degenerate π orbitals and the A 1 Јσ* MO which resembles the lowest occupied A 1 Ј lone pair MO but consisting of Rydberg 3p AOs with higher radial nodes (higher regions not shown on Fig. 1 ). The LUMO of all ion pair structures consists of the metal vacant s orbital. The vacant metal p x , p y , and p z and d AO levels are interspersed with the fourth and fifth π orbitals according to the various metal cations. However, in Zn the d AOs are occupied.
The presence of the Cl atom introduces three occupied p-like orbitals making the top 11 orbitals significant to bonding. Fig. 2 shows the 11 MOs for the Zn case for both the I and II conformations, plus three of the virtual MOs. Each conformation gives a remarkably similar pattern of orbitals among all the cations. For example, the splitting of the B 1 MOs (third and seventh) in Zn (conformation I) is only slightly larger than that for Mg (conformation I), 0.0125 to 0.0110 au, respectively. The major reason for the lower energy of the I conformation compared to II in the Zn case might be due to the combination of the occupied d orbitals with the lone pair or π orbitals. Fig. 3 gives the five d orbitals plus the combination with the lowest lone pair orbital in the I conformation and the five d orbitals with the lowest π orbital in the II conformation. There is significantly more splitting with the d z 2 orbital and the lone pair in the I conformation than with a d xy orbital and the lowest π orbital in the II conformation. The calculated IR spectra for all species are marked by two strong NN stretches at ∼1300 (asym, B 2 ) and ∼1250 cm Ϫ1 (sym, A 1 ) and a prominent ring-metal atom stretch (A 1 ) between 600 and 200 cm Ϫ1 . Results for the B3LYP//6-311ϩG(d) method are given in Table 2 . The symmetric and asymmetric stretches are similar within element groups 1 (Na, K), 2 (Mg, Ca), and 12 (Zn). The values calculated at the RB3LYP//6-31G(d) level are generally 10 cm Ϫ1 higher. Results for the isolated pentazole anion are similar to those reported by Bartlett et al. 2 calculated with the coupled cluster CCSD method with an augmented DVP basis set.
In order to calibrate the theoretical method the N atom chemical shifts were calculated for 1-and 2-methyltetrazole and compared to experiment. The results are given in Table 4 . A linear regression analysis on the eight data points gives the formula σ exp = (1.0683σ calc Ϫ 4.70) with a correlation coefficient of 0.9988. The value of the intercept Ϫ4.70 and a slope near 1.0 indicate that the B3LYP/6-311ϩϩG(2d,p) GIAO calculation on a B3LYP/6-31G(d) optimised structure gives values very close to experimental ones and much closer than those using the CHF method (0.8804σ calc ϩ 112.56).
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The absolute shielding value for the N atom in nitromethane is calculated to be Ϫ158.225 ppm using the B3LYP//6-311ϩϩG(2d,p) method on the B3LYP//6-31G(d) optimised structure. The theoretical value for the N atom in NH 3 is ϩ258.440 ppm. Thus, 100.215 ppm needs to be added to the above values for comparison to external NH 3 rather than nitromethane. The reported isotropic chemical shifts in ppm were calculated as Ϫ158.225 minus the absolute shielding value calculated for each N atom in the molecule in question. There are three distinct N atoms in the II and IIa structures (also in I for Zn). The values in ppm for the N atom chemical shifts are reported in Table 3 , using the order of closest to furthest from the metal atom to number the N atoms. As seen in Table 1 , the energy differences between the I and II forms vary from 4 to 9 kcal mol Ϫ1 . Although this barrier might prevent intramolecular scrambling, intermolecular exchange of the metal atom in solution is expected even at low temperatures. Thus, only one NMR 14 N or 15 N signal is expected in solution. It can be seen in Table 3 that there is very little difference in chemical shift for the Mg(N 5 ) 2 and MgClN 5 (II) species. The differences in values for atoms within the ring of the various species reflect the charge distribution. N atoms bonded to the metal have more charge and thus the chemical shifts are more negative. This effect is seen to increase for the metals in the order of K < Na ∼ Ca < Mg < Zn. The much larger negative shift in Zn is most likely due to the Zn-N bond in conformation I.
There have been structural and mechanistic studies 3 involving 15 N labelling and the addition of the azide ion to the aryl diazonium ion (Scheme 4) and the recovery of the aryl azide.
Each study proposed a pentazole intermediate as the origin of a transitory peak in the 15 N spectrum. The N atom shifts have been calculated for all species in Scheme 4 and their values are reported in Table 3 . For the p-methoxyphenyl series (c) the calculations indicated two rotational isomers due to restricted rotation of the aryl-oxygen bond and the mean values of the 15 N shifts are given in Table 3 . These rotational isomers were not seen in either the proton or 15 N spectra. The calculations indicated rotational barriers of the order of 3 kcal mol Ϫ1 and hence rapid exchange between the forms would be expected. 15 N-Labelled samples of the compounds 1c, 3c and 4c were obtained by diazotising p-methoxyaniline with Na 15 NO 2 thereby putting a label at N2. The other 15 N shifts listed in Table 3 for these compounds were measured in natural abundance. The calculated 15 N shifts are in good agreement with the measured values except for N2 of the diazonium ion 1c (Table 3 ). In this case the presence of the chloride anion in the solution is expected to increase the electron density and hence the shielding at N2. This may also account for the small increased shielding measured at N1 for the species 1c (Table 3 ). The influence of the counter ion is also evident in the calculated shifts for the N 5 anions (Table 3) .
The principal excitation energies (nm) and oscillator strengths (au) calculated with the TD-DFT, B3LYP//6-311ϩ G(d) method are given in Table 5 . State symmetries are given Scheme 4 Numbering for the 15 N atom experimental and theoretical chemical shifts. Table 3 Theoretical (and experimental) a values of N atom shifts relative to external nitromethane (ppm) for the anion based on the D 5h group, as well as those based on the equivalent C 2v symmetries when the cations are present. Those states reported in Table 5 are of three types. The first group of six states is where the principal excitation is to the metal s AO from the four highest lone pair MOs 1 (ns*) and the two highest π MOs 1 (πs*). The next is a group of four 1 (nπ*) MOs and the last is a group of four 1 (ππ*) MOs where these named excitations are the principal excitation within that state. A 77 state TD-DFT calculation had to be done to assure that the above 14 states were all found. Other states included excitations such as from the Cl atom lone pairs or to the metal p and d virtual AOs.
The 1 (ππ*) transitions in the free anion are similar to those in benzene in that the lowest lying ones both involve excitations from a degenerate pair of π MOs to another degenerate pair. In benzene the D 6h symmetry gives an occupied e 1g pair and an unoccupied e 2u pair. The direct product of these transitions leads to three states, B 1u ϩ B 2u ϩ E 1u . In free pentazole anion the D 5h symmetry leads to a π occupied e 1 Љ pair and a π unoccupied e 2 Љ pair.
The direct product in this case is e 1 Љ × e 2 Љ = E 2 Ј ϩ E 1 Ј. Similarly for the four highest 1 (nπ*) transitions the lone pair HOMOs are an e 1 Ј pair. This gives the direct products: 
Upon distortion of one atom in the free anion to give C 2v symmetry or in the presence of a metal cation in the I or II conformation (cf. Fig. 1 ), the orbital degeneracies are lifted. Orbitals with e 1 Љ or e 2 Љ symmetries lead to a 2 or b 1 symmetries; the e 1 Ј symmetry of the lone pair HOMOs lead to two lone pair MOs of a 1 and b 2 symmetries. The 1 (nπ*) transitions reported here are electronically forbidden as the E 2 Љ and E 1 Љ states do not transform like an in-plane axis. This is also the case for the 1 (ππ*) E 2 Ј state. The 1 (ππ*) E 1 Ј state transforms like (x,y) and in consequence this transition is polarized in the plane of the anion, giving an oscillator strength of 0.373 au. In the presence of the cation, however, the C 2v group lifts the symmetry restraints on all but the new A 2 states. The 1 (nπ*) transition energies vary significantly according to the metal counterion. This can also be seen at the level of the DFT orbital energies, Table 6 . The orbital energy differences for Δns*, Δnπ*, and Δππ* correspond to the excitation energies calculated with the TD-DFT method. The change in the anion orbital levels induced by the presence of the metal counterion is also significant. The amount of lowering of the lone pair and π HOMOs follows the order of K < Na << Ca < Zn < Mg. Group I metals are more electropositive than group II, and K more than Na. Since Ca lies below Mg, it can be expected to interact less with the ring. The Zn atom is in the I conformation where the M-N distance is shorter than in the II conformation and thus the interaction is expected to be greater, giving the anomalous position for Zn in the series.
In summary, it is seen that the nature of the cation has an influence on the electronic, vibrational, and NMR spectra of the pentazole anion. A complex with the metal ion in the plane of the ring is energetically favoured. This induces an alternating bond length structure of C 2v symmetry and redistribution of charge in the anion. Further theoretical studies are in progress on the effect of solvent and on the pericyclic decomposition of the pentazole ring in the presence of a cation. Table 5 Principal excitation energies (nm) and oscillator strengths (au) calculated with the B3LYP//6-311ϩG(d) method. State symmetries are given for the anion based on the D 5h group; those based on the equivalent C 2v symmetries are given in parentheses 
